ABSTRACT Background: Epidemiologic evidence of an association between fish intake and type 2 diabetes (T2D) is inconsistent and unresolved. Objective: The objective was to examine the association between total and type of fish intake and T2D in 8 European countries. Design: This was a case-cohort study, nested within the European Prospective Investigation into Cancer and Nutrition (EPIC) study, with 3.99 million person-years of follow-up, 12,403 incident diabetes cases, and a random subcohort of 16,835 individuals from 8 European countries. Habitual fish intake (lean fish, fatty fish, total fish, shellfish, and combined fish and shellfish) was assessed by country-specific dietary questionnaires. HRs were estimated in each country by using Prentice-weighted Cox regression models and pooled by using a random-effects meta-analysis. Results: No overall association was found between combined fish and shellfish intake and incident T2D per quartile (adjusted HR: 1.00; 95% CI: 0.94, 1.06; P-trend = 0.99). Total fish, lean fish, and shellfish intakes separately were also not associated with T2D, but fatty fish intake was weakly inversely associated with T2D: adjusted HR per quartile 0.97 (0.94, 1.00), with an HR of 0.84 (0.70, 1.01), 0.85 (0.76, 0.95), and 0.87 (0.78, 0.97) for a comparison of the second, third, and fourth quartiles with the lowest quartile of intake, respectively (P-trend = 0.06). Conclusions: These findings suggest that lean fish, total fish, and shellfish intakes are not associated with incident diabetes but that fatty fish intake may be weakly inversely associated. Replication of these findings in other populations and investigation of the mechanisms underlying these associations are warranted. Meanwhile, current public health recommendations on fish intake should remain unchanged.
INTRODUCTION
Epidemiologic evidence from prospective cohort studies for the association between self-reported fish and shellfish intake and the risk of type 2 diabetes (T2D) 4 is inconsistent and unresolved. For instance, the Finnish Mobile Clinical Health Examination Survey (FMCHES) Study and the Adventist Health Study, USA, showed null associations between fish intake and risk of T2D (1, 2) , whereas the European Prospective Investigation into Cancer and Nutrition (EPIC)-Norfolk Study, United Kingdom, observed an inverse association between total fish intake and a positive association between shellfish intake and T2D risk (3) . More recently, several prospective studies observed positive associations between fish intake and incident diabetes (4) (5) (6) , whereas the Cardiovascular Healthy Study observed no association between fish intake and diabetes risk (7) . Conversely, the Shanghai Women's Health Study found an inverse association between total fish and shellfish intake and diabetes risk, whereas the Shanghai Men's Health Study observed an inverse association with shellfish intake but no association with total fish intake and diabetes risk (8) . Thus, the nature of the association for diabetes risk is currently unclear and requires further investigation.
Lack of heterogeneity in fish and shellfish intake may be one plausible explanation for the discrepancies observed in the studies reported thus far. Previous analyses based on total and types of fish and shellfish intakes derived by 24-h recall in representative samples within EPIC cohorts (n = 36,000) have shown substantial variability in fish and shellfish intake in Europe (9) . Thus, given the 6-to 7-fold variation in total fish and shellfish intake in European populations, for instance with highest intake in Spain and the lowest intake in Germany and the Netherlands, the large EPIC-InterAct study of incident diabetes provides a unique opportunity for examining the association between dietary fish and shellfish intake and the risk of diabetes (10) . Specifically, our aim was to investigate the prospective association between total and types of fish and shellfish intakes and T2D within 8 European countries participating in the EPIC Study.
SUBJECTS AND METHODS

Study population and setting
The InterAct Project was initiated to investigate the role of diet, lifestyle, genetic factors, and their possible interaction on the risk of T2D (10) . The EPIC-InterAct Study is a case-cohort study (10) nested within the existing EPIC Study (11) . In brief, EPICInterAct includes adults who were resident in geographically defined areas within 26 centers in 8 European countries (Denmark, France, Germany, Italy, Netherlands, Spain, Sweden, and the United Kingdom). Each EPIC center has individual written informed consent and local ethical approval.
Case-cohort design and case ascertainment
The recruitment frame for EPIC-InterAct (n = 340,234) was initially sampled from 8 of 10 countries of the EPIC Study (n = 455,680), excluding those without stored blood (n = 109,625) or reported diabetes status (n = 5821). Of this 340,234-participant sample with 3.99 million person-years of follow-up, a subcohort of 16,835 individuals was randomly selected from those with available stored blood and buffy coat, stratified by center. After the exclusion of 548 individuals with prevalent diabetes, 129 individuals without information on reported diabetes status, and 4 individuals with postcensoring diabetes, 16,154 subcohort individuals were included. Because of the random selection, this subcohort also included a random set of 778 individuals who had developed incident T2D during follow-up.
Described in detail previously, incident diabetes cases were ascertained and verified by each participating EPIC center within the InterAct Project (10) . New cases occurring up until 31 December 2007 were ascertained by using multiple data sources: self-report of doctor-diagnosed diabetes or diabetes-specific medication, linkage to primary or secondary care registers, linkage to pharmacy databases, hospital admissions data, or mortality data. Verification of incident diabetes was undertaken, for participants with ,2 independent sources of information, by individual medical record checking, or confirmation from another independent source of information. Follow-up was censored at the date of diagnosis, 31 December 2007, or date of death, whichever occurred first. In total, 12,403 incident diabetes cases were identified, of which 778 were within the subcohort, as also described above.
Population for current analysis
Of the 27,779 participants [12,403 cases, of which 778 were within the 16,154-participant subcohort (778 cases and 15,376 noncases)] in EPIC-InterAct, we made further exclusions for baseline self-report of history of heart attack, angina, or stroke (n = 1374); being in the top 1% or bottom 1% of the ratio of energy intake to basal metabolic rate (n = 568); or for missing information in the main exposures or covariates used in the statistical analyses (n = 1024). This left a final sample of 24,813 participants for inclusion in this analysis with 10,740 cases and 14,746 in the subcohort, including 673 cases in the subcohort.
Dietary assessment
The EPIC dietary data were assessed at baseline by means of a quantitative dietary questionnaire with individual average portion sizes (in France, Spain, Netherlands, Germany, and Italy, except Naples) or a semiquantitative food-frequency questionnaire [in Denmark, Naples (Italy), Sweden, and the United Kingdom], which were developed and validated locally (12, 13) . Single 24-h dietary-recall data were also collected from a representative sample of 8% of each EPIC center. Dietary intake data from each EPIC cohort were standardized by using the EPIC Nutrient Database, which was developed to provide standardized information on food pattern, food items, and individual nutrients across EPIC countries (14) . For this study analysis, we used the following categories of fish and shellfish intake derived by the EPIC Nutrient Database: lean fish intake, fatty fish intake, total fish intake (sum of lean and fatty fish), shellfish intake (including seafood such as prawn, crab, mussels), and combined fish and shellfish intake, which was defined as the sum of intake of lean fish, fatty fish, shellfish, and "other" types of fish. The "other" categories of fish included fish products/fish in crumbs and nonspecific or combined fish, which formed a minor part of intake (intake of "other" categories constitutes ,11.4% of combined fish and shellfish intake in the subcohort) or had limited availability in some countries. There was limited information on cooking or preparation methods from the dietary questionnaires; thus, each category of fish and shellfish intake included fresh, canned, salted, smoked, or fried fish. Previously published data in a subsample of the EPIC study (n = 35,644), in which cooking methods of fish were established by 24-h recall, suggest that ;20% of fish is fried in the 8 European cohorts used in this study (15) .
Nondietary assessment
Standardized information on health and lifestyle exposures was assessed by questionnaire at baseline (12) . Anthropometric information (height, weight, and waist circumference) was measured by trained staff in standardized health checks at baseline in all centers, except in a proportion of Oxford (United Kingdom) and France, where self-reported data were obtained, and Umea (Sweden), where waist circumference was not measured. Questionnaires ascertained education level (none, primary, technical/professional, secondary, or university), occupational and leisure-time physical activity [derived into the validated 4-scale Cambridge physical activity index (16): inactive, moderately inactive, moderately active, or active], smoking status (never, former, or current), and history of previous illness.
Statistical analysis
The median and IQR of dietary-questionnaire-derived intakes of total fish and types of fish and shellfish intake were calculated. Baseline characteristics according to quartiles of combined fish and shellfish intake (in the subcohort) were summarized by using means (6SDs) for symmetrically distributed continuous variables, medians (IQRs) for continuous variables with a skewed distribution, and percentages and frequencies for categorical variables in the subcohort population (n = 14,746). To estimate the association between fish intake and the hazard of T2D, Prentice-weighted Cox proportional hazards analysis was used, with age as the underlying time scale (17) . Combined fish and shellfish intake, total fish intake, lean fish intake, fatty fish intake, and shellfish intake were categorized by using quartiles (based on the distributions in the subcohort). HRs of diabetes (comparing quartiles of fish intake) and corresponding 95% CIs were estimated within each country and then combined by using random-effects meta-analysis. The I 2 statistic for between-cohort heterogeneity was also calculated. The effect of per-quartile change of each type of fish intake was also calculated. Three models were fitted with different levels of adjustment for potential confounders: model 1 included adjustment for nondietary factors [center, sex, smoking status (3 categories), education level (3 categories), and physical activity (4 categories)]. Center was included in model 1 to control for center effects such as different follow-up procedures and questionnaire types. Model 2 included further adjustment for dietary risk factors, including total energy intake (kcal/d), alcohol intake (g/d), and fruit and vegetable intake (g/d). Model 3 was further adjusted for BMI (continuous). Family history of diabetes was not included in model 1 because there was incomplete or missing information in some centers on this variable.
Interaction and sensitivity analyses
Interactions of combined fish and shellfish intake (per quartile change) with sex and BMI (continuous) were tested within each country and pooled using random-effects Prentice-weighted Cox regression analysis described above. In sensitivity analyses we examined the association between combined fish and shellfish intake (quartiles) and hazard of diabetes after the exclusion of those with a date of diabetes diagnosis within 2 y of baseline. In addition, because one center (Umea) did not record waist circumference, this variable was added only to model 3 in sensitivity analyses. The potential confounding effect of other variables-including waist circumference and BMI (4 categories) and intakes (g/d) of red and processed meat, fiber, fat, SFA, MUFA, cholesterol, and proteinwas assessed by adding each covariate in turn to model 3. In addition, we examined the independent effects of types of fish intake (lean, fatty, and shellfish) and incident diabetes by mutual adjustment for one another. We also re-analyzed the associations between types of fish intake recategorized as nonconsumers (referent) and tertiles of consumers, and incident diabetes, to address the issue of fish nonconsumption.
Measurement error
The potential effect of measurement error in the assessment of combined fish and shellfish intake by dietary questionnaire was assessed by using data from the 8% of participants of the subcohort who were included in representative samples in the EPIC subcalibration study, conducted between 1995 and 2000 (n = 2347), to calibrate dietary measurements by using a single 24-h recall (18) . The calibration exercise is based on several assumptions: 1) 24-h recall provides an unbiased measure of fish intake, 2) the error in assessing fish intake by 24-h recall is random, and 3) the error in assessing fish intake by 24-h recall is uncorrelated with the error in assessing fish intake by dietary questionnaire.
We used a multivariate error correction method described by Wood et al (19) in the Fibrinogen Studies Collaboration. The method involved regressing 24-h recall-derived total fish and shellfish intakes (100 g/wk) (n = 2137 after exclusions, see Subjects and Methods) on the questionnaire-derived fish and shellfish intake (100 g/wk) with adjustment for center, sex, education level, smoking status, physical activity, total energy intake, alcohol intake, fruit and vegetable intake, BMI, day of recall (weekday compared with weekend), and season within each country to estimate regression dilution ratios. The regression dilution ratios were then used to correct the HRs (95% CIs) by multiplying the regression dilution ratios by the HRs before the Prentice-weighted Cox regression random-effects meta-analysis. All statistical analyses were performed by using STATA/SE 11.1 (StataCorp). All P values were based on 2-sided tests.
RESULTS
Pattern of fish and shellfish intake and baseline characteristics of the subcohort population
The median (IQR) estimated combined fish and shellfish intake from dietary questionnaires in the subcohort was 239 (119, 427) g/wk in men and 188 (94, 330) g/wk in women. For total fish intake, the corresponding estimated intakes were 138 (30, 296) and 92 (16, 223) g/wk in men and women, respectively. The dietary-questionnaire-derived fish and shellfish intake varied markedly across the cohorts in various European countries in a similar manner as previously described in detail, when measured by the 24-h recall method (9) . Overall, the highest estimated intake of combined fish and shellfish was reported in Spain and the lowest estimated intake in the Netherlands and Germany (see Supplementary Table 1 under "Supplemental data" in the online issue). Spain and Sweden, respectively, had the highest and lowest reported intakes of lean fish. For fatty fish, men in Spain and women in Denmark had the highest intake, whereas men in the Netherlands and women in Sweden reported the lowest intake. In general, shellfish intakes were low, ranging from 0 to 30.3 g/wk overall.
Baseline characteristics by quartiles of combined fish and shellfish intake in the subcohort population are presented in Table 1 . High consumers of fish and shellfish were more likely to be older, be current smokers, be less physically active, be obese (higher BMI and waist circumference), have a lower education level, and have higher intakes of other dietary variables (total energy, fat as a percentage of energy, fiber, and protein as a percentage of energy, and alcohol, fruit and vegetable, red meat, and processed meat intakes).
Association between fish and shellfish intake and risk of diabetes
The pooled HRs (95% CIs) for diabetes across quartiles of combined fish and shellfish intake and also intakes of different types of fish are shown in Table 2 . 22 .8%, P = 0.25). Total fish (lean and fatty fish) intake and lean fish intake were also not associated with incident diabetes (Table  2) , with no evidence of significant heterogeneity. However, fatty fish intake was inversely associated with incident diabetes across consecutive quartiles in model 3, which included adjustment for BMI. Compared with the first quartile, HRs (95% CIs) for T2D were 0.84 (0.70, 1.01), 0.85 (0.76, 0.95), and 0.87 (0.78, 0.97) (P-trend = 0.06), with no evidence of heterogeneity (quartile 4 compared with quartile 1: I 2 = 0%, P = 0.65) in model 3. Shellfish intake was not significantly associated with diabetes in an adjusted analysis (model 3). The HR (95% CI) for incident diabetes per quartile change in fish and shellfish intake, with an overall null association for combined fish and shellfish intake (HR: 1.00; 95% CI: 0.94, 1.06) and for subtypes (HRs: all 1.02), except for a modest inverse association with fatty fish intake (HR: 0.97; 95% CI: 0.94, 1.00) per quartile, are shown in Figure 1A -D.
The exclusion of participants who developed diabetes in ,2 y after baseline did not alter our findings. Similarly, none of the other sensitivity analyses (see Subjects and Methods) had a major effect on the reported HRs. No interaction between combined fish and shellfish (per quartile change) with BMI (continuous) or sex was observed (P-interaction = 0.16 and 0.46, respectively) when country specific interaction terms were pooled by using a random-effects meta-analysis as above.
Calibration of combined fish and shellfish intake with dietary 24-h recall data by using the multivariate error correction method did not affect the observed associations. Estimated regression dilution ratios were ,1 in all countries and ranged from 0.44 in Sweden to 0.48 in Spain and the United Kingdom (see Supplementary Table 2 under "Supplemental data" in the online issue). 
DISCUSSION
Main findings in the context of other available evidence
In this large European prospective nested case-cohort study of 24,813 men and women, including 10,740 diabetes cases from among 340,234 participants with 3.99 million years of follow-up, there was no association between combined fish and shellfish intake and incident diabetes and limited evidence of heterogeneity between countries. We found no association of diabetes with intakes of total fish, lean fish, or shellfish in adjusted models, FIGURE 1. HRs (95% CIs) for incident diabetes per quartile change in combined fish and shellfish intake (A), lean fish intake (B), fatty fish intake (C), and shellfish intake (D). Estimates are derived per country, and the pooled estimate is based on random-effects meta-analysis by using Prentice-weighted Cox regression analysis (with time as the underlying time scale and adjusted for center, education level, smoking status, physical activity, total energy intake, alcohol intake, fruit and vegetable intake, and BMI. European Prospective Investigation into Cancer and Nutrition-InterAct Study: n = 10,740 cases, except for lean fish and shellfish intakes (n = 9353 cases because of no fish intake information from Germany).
but we observed a suggestion of a modest inverse association for fatty fish intake.
Our findings of a null association between combined fish and shellfish intake and risk of T2D are in contrast with the positive associations with increasing intake observed in the Rotterdam Study (RR: 1.32; 95% CI: 1.02, 1.70) in a comparison between the highest fish consumers (28 g/d) and the nonfish consumers (6) . Like us, null associations between fish intake and incident diabetes were observed in the FMCHES Study (1), the Adventist Health Study (2) , and the Cardiovascular Health Study (7) . Conversely, the Shanghai Women's Health Study observed an inverse association between total fish intake and diabetes risk. Two (5, 6) of the 3 studies reporting positive associations between fish intake and T2D risk were examined in the United States; thus, it may be reasonable to speculate that other characteristics of these cohorts and/or the composition of fish sources as determined by geographic location, could explain the discrepancy between the US findings and those reported in this study and others (1) (2) (3) 8) . We speculated that it is unlikely that differences in the absolute amount of fish intake can explain the discrepancies between our study and others, because positive associations with diabetes risk were observed in studies with both lower (Rotterdam Study) (4) and higher (NHS I, NHS II, and the Health Professionals FollowUp Study) (5) intakes of fish, and given the fact we observed low heterogeneity in our study between countries with high and low intakes of fish. The types of fish included in the total fish intake category may also contribute to the discrepant results. However, only a few studies have examined total as well as types of fish intake and incident diabetes, with varying inclusion of types of fish (1, 3, 4) . In the EPIC-Norfolk Study (3), shellfish intake was positively associated with diabetes risk, whereas in the Shanghai Women's and Shanghai Men's studies shellfish intake was inversely associated with diabetes risk (8) . This could reflect different preparation and cooking method practices in different locations, such as in the United Kingdom, shellfish such as prawns are often consumed with rich sauces such as garlic butter or mayonnaise or are deep fried. The reasons for the observed positive association between lean fish and T2D risk in the Rotterdam Study (4), and contrasting null associations for types of fish and T2D in the FMCHES Study (1), currently remain unclear, but could be due to differences in preparation methods. Studies reporting on fatty fish intake previously reported null associations with incident diabetes (3, 4) .
Interpretation
The weak inverse association between fatty fish intake and incident diabetes we observed is suggestive, but nonconclusive, and should be further examined in other populations and with improved methods of dietary assessment, including objective biomarkers of fish intake such as marine-derived fatty acids, vitamin D, and toxins, where appropriate. The modest inverse association we observed may be explained by the potential effect of long-chain omega-3 (n23) PUFAs, including EPA and DHA, in large quantities in fatty fish. Omega-3 PUFAs may have beneficial effects on insulin action through several mechanisms, including by improving membrane fluidity, production of antiinflammatory eicosanoids, affecting key proteins in signal transduction pathways and modulation in expression of peroxisome proliferator-activated receptor c (20). Whether or not omega-3 fatty acids mediate a beneficial effect on diabetes risk has yet to be confirmed, because other components within fish-such as toxins or contaminants-may also act adversely on pathways leading to T2D (21, 22) . Such contaminants include methyl mercury, polychlorinated biphenyls, and persistent organic pollutants, which may be present to varying extents in different geographic locations (23) and may help to explain the inconsistencies reported in the association between fatty fish and T2D. Another possible mechanism by which fatty fish may exert its protective effects could be through vitamin D in the diet, which is mainly acquired from fatty fish. Whether vitamin D has a causal association with reduced risk of T2D is currently not established, but epidemiologic evidence suggests an inverse association (24) . 
Strengths and limitations
The major strengths of this study include the large number of incident diabetes cases and the large variation in fish and shellfish intake in 8 European countries with standardized information of diet and lifestyle exposures. These factors combine to enhance the power to detect associations if they truly exist. We excluded those with prevalent cardiovascular disease and diabetes who may change or report their diet differently as a result of diagnosis. However, we cannot exclude the possibility that other factors associated with fish intake or contained within fish affected our findings. We adjusted for a range of other potential confounders, including dietary factors and physical activity, with no effect on our findings. Nonetheless, measurement error in these variables could leave residual confounding effects in the fish-diabetes association. A limitation of our study included the measurement error in the assessment of estimated fish and shellfish intake by self-reported questionnaires. We attempted to account for this by re-analyzing the association with calibrated fish and shellfish intake assessed by 24-h recall using an established method, but the results were largely unchanged. However, the findings from these calibration exercises should be interpreted with caution, because a single 24-h recall estimate of fish intake may not reflect true habitual fish intake, and its validity may vary by country depending on the frequency of consumption. We could not examine the absolute incidence of T2D by fish intake status in our study, but T2D incidence by country was reported previously (10) . Last, we examined the effect of quantity of fish intake (in g/ d), but could not examine the frequency of fish intake (servings/d) because of the different types of dietary questionnaires and portion sizes used in each country.
Conclusions
Overall, our results do not support the hypothesis that selfreported combined fish and shellfish intake is associated with incident diabetes. However, fatty fish intake may be modestly inversely associated with diabetes risk, but our findings are merely suggestive and need to be confirmed. Additional studies should examine types of fish and shellfish intake and use objective biomarkers of fish intake, including marine-derived longchain fatty acids and toxins. This may improve our ability to detect and understand the association between total and types of fish intake and the risk of T2D. Meanwhile, the current public health recommendations to consume fish regularly for better health should be upheld, and no change to this recommendation is warranted on the basis of our findings.
